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It has been demonstrated that the plasma membrane expression of ZIP1 is
regulated by endocytic mechanisms. In the zinc-replete condition, the level
of surface expressed ZIP1 is low due to the rapid internalization of ZIPI.
The present study aimed to identify a sorting signal(s) in ZIP1 that medi-
ated endocytosis of ZIP1. Four potential sorting signals (three di-leucine-
and one tyrosine-based) were found by searching the eukaryotic linear
motif resource for functional sites in proteins (http://elm.eu.org). Site-direc-
ted mutagenesis and immunofluorescence microscopic analyses demonstra-
ted that the di-leucine sorting signal, ETRALL144-149, located in the
variable loop region of ZIP1, was required for the ZIP1 internalization and
lysosomal degradation. Substitutions of alanines for the di-leucine residues
(LL148,149/AA) severely impaired the internalization of ZIP1 and subse-
quent protein degradation, leading to an accumulation of the mutant ZIP1
on the cell surface, as well as inside the cell. Using chimeric proteins com-
posed of an a-chain of interleukin-2 receptor fused to the peptides derived
from the variable loop region of ZIP1, we found that the di-leucine sorting
signal of ZIP1 was required and sufficient for endocytosis of the chimeric
proteins.

Intracellular zinc homeostasis is achieved through
coordinated regulations of different zinc transporters
involved in influx, efflux, and intracellular compart-
mental sequestration or release. Two families of zinc
transporters (SLC30, ZNT and SLC39, ZIP) have been
identified in mammals [1-18]. The ZIP members are
essential for an increase of cytoplasmic zinc concentra-
tions by enhancement of zinc uptake or release of the
stored zinc from subcellular compartments to the cyto-
plasm of the cell when zinc is deficient [18]. On the
other hand, zinc efflux and intracellular compartmen-
tation are accomplished by the members of the ZNT
proteins when zinc is in excess [9].

The ZIP proteins (SLC39A1-14) are predicted to
have eight transmembrane domains with an intracellu-
lar cytosolic histidine-rich loop (variable loop region)
between transmembrane domains III and IV [19]. They

Abbreviations

share little conservation both in the sequence and the
length of the loop in this region, except for the
sequence (HX), where H is the histidine residue, X is
usually aspartic acid, glutamic acid, glycine, lysine,
asparagines, arginine, or serine, and n generally is in
the range 2-5 [18]. The histidine residues in the loop
region of ZIP proteins are thought to bind zinc. How-
ever, the exact function of the loop region is not
understood.

Regulations of the ZIP protein activities have been
found to occur at multiple levels, including transcrip-
tion [20-23] and intracellular protein trafficking
[14,24,25]. Intracellular trafficking of ZIP1, ZIP3,
ZIP4, and ZIP5 appears to be a regulated process
important for maintaining cellular zinc homeostasis
[14,24,25]. In zinc-depleted cells, ZIP proteins seem
to be internalized more slowly from the plasma

CHO, Chinese hamster ovary; EST, expressed sequence tag; IL2RA, a-chain of interleukin-2 receptor; TfR, transferrin receptor; TGN,
trans Golgi network; ZIP, ZRT, IRT-like protein family; ZNT, zinc transporter.

3986 FEBS Journal 274 (2007) 3986-3997 © Journal compilation © 2007 FEBS. No claim to original US government works



L. Huang and C. P. Kirschke

membrane, resulting in an accumulation of the activa-
ted ZIP proteins on the cell surface, which leads to an
increased zinc influx. On the other hand, in zinc-replete
cells, these ZIP proteins are rapidly removed from the
plasma membrane to intracellular compartments. The
internalization of ZIP proteins from the cell surface
lowers the amount of proteins available for zinc
uptake on the cell surface, which leads to a decrease in
zinc influx [24,26]. Endocytosis, recycling, and/or deg-
radation of ZIP proteins contribute to the rapid modu-
lation of the amount of surface zinc uptake proteins in
response to the change in cellular zinc concentrations.
By changing the relative rate of zinc uptake protein
internalization, cells can adjust the intracellular labile
zinc pool level promptly.

Many plasma membrane proteins bear their endo-
cytic signals within the cytosolic domains of proteins.
These signals, identified by sequence correlations and
mutational analyses, are a short stretch of consensus
amino acid residues with key residues for their func-
tion. These signals are thought to interact with specific
recognition molecules to form transport intermediates
that sort membrane proteins into different sites within
cells [27]. The best understood endocytic signals are
the di-leucine ([DER]JXXXL[LVI]) and tyrosine-based
sorting signals. The di-leucine signals with consensus
sequences [DE]XXXL[LI] predominantly target mem-
brane proteins from the cell surface to the endosomal—
lysosomal compartments [27]. Most tyrosine-based
signals conform to the consensus sequences YXXO,
where X is any amino acid and @ is an amino acid
with a bulky hydrophobic side chain. The tyrosine-
based signal is responsible for endocytosis of mem-
brane proteins and direct sorting of membrane
proteins to a variety of intracellular compartments
[28]. Both [DE]XXXL[LI] and YXX@ can be recog-
nized by heterotetrameric adaptor protein complexes
(AP-1, AP-2, and AP-3) with a distinct affinity of
interaction in the formation of clathrin—AP coat com-
plexes [27,29,30]. The YXXO signal can also be recog-
nized by a fourth AP complex (AP-4) for protein
sorting [31,32].

The cellular localization of zinc transporters inclu-
ding ZIP1, ZIP3-5, ZNT4, and ZNT6 are regulated in
response to the fluctuations of cellular zinc concentra-
tions [6,14,24,25,33]. However, the sorting signals for
the intracellular protein trafficking carrying in these
transporter proteins are not clear. The present study
aimed to identify a sorting signal(s) in ZIP1 that medi-
ated the internalization of ZIP1. Here, we demonstrate
that a stretch of six amino acids with a consensus
sequence for a di-leucine signal (EXXXLL144-149) in
the variable loop region of ZIP1 plays a critical role in
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mediating ZIP1 endocytosis and protein degradation.
We further demonstrate that this internalization signal
of ZIP1 is sufficient for the endocytosis of the IL2R-
ZIP1 chimeric proteins.

Results

Identification of an endocytic signal(s) in ZIP1

ZIP1 resides intracellularly when cellular zinc is ade-
quate. However, when the cellular zinc concentration
decreases, ZIP1 moves from its intracellular compart-
ments towards the plasma membrane where it trans-
ports zinc into the cytoplasm. Targeting of plasma
membrane proteins to intracellular compartments is
largely dependent upon sorting signals contained
within cytosolic domains of the proteins [34]. There-
fore, we hypothesized that a sorting signal(s) in the
cytosolic domains of ZIP1 may serve as a signal for
the internalization of ZIP1. The potential sorting sig-
nal(s) in ZIP1 were first sought by examining the
functional sites predicted in ZIP1 using the ELM ser-
ver (the eukaryotic linear motif resource for functional
sites in proteins; http://elm.eu.org). Both di-leucine
(amino acids 6-11, 144-149, and 179-184) and tyro-
sine-based (amino acids 285-288) sorting signals were
found in ZIP1 by the search (Fig. 1A). The di-leucine
signal at amino acids 179-184 and the tyrosine-based
signal at amino acids 285-288 are located within the
predicted transmembrane domains that make them
unlikely to be the signals for protein internalization
(Fig. 1B) [27].

Localization of the wild-type (wt) and mutant
ZIP1-Myc proteins in Chinese hamster ovary
(CHO) cells

We introduced nonconservative amino acids (alanines)
to replace the key amino acids in these potential ZIP1
endocytic signals to analyze their roles in the endocy-
tosis of ZIP1. Expression plasmids containing cDNAs
that encoded for either the wt or mutant ZIP1 proteins
tagged with a Myc epitope at the C-terminal end of
the proteins were transfected into CHO cells. Individ-
ual clones were selected and evaluated for the expres-
sion of mRNA of the wt and mutant ZIP1-Myc
by real-time quantitative RT-PCR assays (data not
shown). Clones expressing comparative amount of the
wt or mutant ZIPI-Myc mRNA were chosen for use
in this study.

Previous studies from our laboratory and others have
demonstrated that both the endogenous ZIP1 and the
epitope tagged ZIP1 (either the N- or C-terminal
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tagging) proteins predominantly reside within the cell
in many adhesively cultured cells in the zinc-replete
condition [24,35,36]. Therefore, we predicted that the
wt ZIP1-Myc protein, when stably expressed in CHO
cells, would be predominantly localized in intracellular
compartments in normal culture conditions. As shown
in Fig. 2, the wt ZIP1-Myc protein was mostly detec-
ted in the perinuclear region of the CHO cells with a
punctate distribution in the cytoplasm of the cell
(Fig. 2A). The perinuclear staining of the wt ZIP1-Myc
protein was strikingly coincident with the Golgi

ZIP1-Myc WT

GM130

TR

ZIP1-Myc WT

marker GM130 [37] determined by the double immu-
nofluorescence microscopic assay (Fig. 2A—C) and was
sensitive to the treatment of brefeldin A, a fungal
macrocyclic lactone known to specifically disrupt the
Golgi apparatus of the cell (data not shown) [6,7].
Moreover, when the ZIP1-Myc protein was costained
with the trasferrin receptor (TfR), a plasma membrane
protein that recycles to the zrans Golgi network shortly
after internalization via recycling endosomes [38], the
overlapping staining was only detected in the perinu-
clear region of the cell (Fig. 2F). The vesicular staining

Merge

Fig. 2. Localization of the wt ZIP1-Myc,
GM130 or TfR protein in CHO cells. CHO
cells stably expressing the wt ZIP1-Myc pro-
tein were grown in slide chambers. Cells
were washed, fixed, permeabilized, and
double-stained with a rat Myc antibody
(A,D) and a mouse GM130 antibody (B) or a
mouse TfR (E) antibody followed by

Alexa 488-conjugated goat anti-rat serum
(green) or Alexa 594-conjugated goat anti-
mouse serum (red). Yellow staining in (C)
and (F) indicates the overlapping expression
of ZIP1-Myc with GM130 or TfR in CHO

Merge cells. Scale bars = 10 pm.
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patterns were distinctive between ZIP1-Myc and TfR
(Fig. 2D-F). Taken together, these results strongly
suggest that the wt ZIP1-Myc protein is associated
with the Golgi apparatus and an intracellular vesicular
compartment that distinguishes from the recycling vesi-
cles containing TfR in CHO cells.

Having demonstrated the cellular localization of the
wt ZIP1-Myc protein in the Golgi apparatus, as well
as in an intracellular vesicular compartment of CHO
cells, we then compared the distribution of the mutant
ZIP1-Myc proteins in CHO cells with the wt ZIP1-
Myc protein. No noticeable differences in the intra-
cellular distribution between the wt ZIP1-Myc and
mutant ZIP1-Myc proteins that carried the mutations
at amino acids 9-10 (LL/AA), 182-183 (VL/AA), or
285 (Y/A) were observed (Fig. 3A,B,D,E). However,

ZIP1-Myc

ZIP1-Myc
L9A,L10A

.
ZIP1-Myc
L148A,L149A
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Fig. 3. Effect of site-directed mutations on the intracellular localiza-
tion of ZIP1-Myc in CHO cells. Stably transfected CHO cells were
grown in slide chambers. Cells were washed, fixed, and permeabi-
lized before immunofluorescent staining (A-E). Where indicated,
cells were washed and fixed but not permeabilized before immuno-
fluorescent staining (F,G). The wt and mutant ZIP1-Myc proteins
were detected by a mouse Myc antibody (4 pg'mL™") followed by
an Alexa 488-conjugated goat anti-mouse serum (1 : 500 dilution).
Scale bars = 10 pm.
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the mutant ZIP1-Myc protein that carried mutations
at amino acids 148-149 (LL/AA), which disrupted a
predicted di-leucine signal, exhibited a diffused staining
pattern that implied the cell surface distribution
(Fig. 3C).

To examine whether the diffused staining pattern
observed in CHO cells expressing the mutant
(L148A,L149A) ZIP1-Myc protein was caused by an
accumulation of the mutant protein on the cell surface,
we performed an indirect immunofluourscence micro-
scopic assay. In this assay, cells were fixed but not per-
meabilized, permitting the detection of cell surface
expressed ZIP-Myc only. The C-terminal tagged Myc
epitope in ZIP1 is predicted to be extracellular and
therefore allowed Myc antibody binding in nonperme-
abilized cells [24]. As shown in Fig. 3F, weak mem-
brane staining was observed in the CHO cells
expressing the wt ZIP1-Myc protein. In contrast, a
much stronger cell surface staining was detected in the
CHO cells expressing the mutant ZIP1-Myc protein
(L148A,L149A) (Fig. 3G).

The increased level of the mutant (L148A,L149A)
ZIP1-Myc protein expressed on the cell surface of
CHO cells was further confirmed by western blot
analyses with a total of six independent CHO cell
lines expressing either the wt ZIP1-Myc (three
cell lines) or the mutant ZIP1-Myc protein (three cell
lines) (Fig. 4). Multiple independent cell lines that
expressed comparable amount of the wt or mutant
ZIP1-Myc mRNA were included in this assay to elim-
inate errors introduced by using single cell line. In
this assay, cells were fixed and blocked. The surface
expressed ZIP1-Myc proteins (wt or mutant) were
then bound by mouse Myc antibodies. The unbound
antibodies were removed Dby extensive washes.
Proteins including Myc antibodies were separated on
Tris-HCL gels and transferred to nitrocellulose mem-
branes. Myc antibodies, representing the surface
expression levels of ZIP1-Myc (wt or mutant), were
then detected by a peroxidase-conjugated secondary
antibody, quantified by densitometry, and normalized
by the expression of an endoplasmic reticulum house
keeping protein, GRP78 (Fig. 4A). The quantitative
data indicated that the mean surface expression level
of the mutant ZIP1-Myc protein was 2.3-fold higher
than that of the wt ZIP1-Myc protein (Fig. 4B).
Taken together, these results suggest that the wt
ZIP1-Myc protein exhibits a steady-state localization
in the Golgi apparatus and an unknown vesicle com-
partment in the stably transfected CHO cells and the
disruption of a di-leucine signal in the variable loop
region of ZIP1 increased cell surface expression of
ZIP1.
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Fig. 4. Expression of the wild-type and mutant (L148A L149A)
ZIP1-Myc proteins on the surface of CHO cells. Stably transfected
CHO cells expressing either the wt ZIP1-Myc or the mutant
(L148A,L149A) ZIP1-Myc protein were cultured in six-well plates.
Lysate containing bound Myc antibodies was prepared as described
in the Experimental procedures. (A) A representative western blot
analysis. Western blot containing 50 ug of protein extracts was
probed with a peroxidase-conjugated goat anti-mouse serum. The
protein bands were visualized using a Super Signal west femto kit
(Pierce). The GRP78 expression level on the same western blot
was served as loading control. (B) Quantification of the expression
levels of the wt and mutant ZIP1-Myc proteins on the cell surface.
Western blot analysis (A) was performed with the cell lysate iso-
lated from six individual stably transfected CHO cell lines either
expressing the wt ZIP1-Myc (three cell lines) or mutant ZIP1-Myc
protein (three cell lines). The signals from these western blots were
quantified by an Alpha Innotech Gel Documentation System. The
expression of either the wt or mutant ZIP1-Myc protein was
then normalized by the expression of GRP78. Values are the
means + SE (n = 3).

Mutation of the endocytic di-leucine signal
(LLq4g,140) Of ZIP1 decreased internalization
of the protein

To directly measure the effects of mutations in the
di-leucine signal of ZIPl on internalization, an
immuno-endocytosis assay was performed. In this

L. Huang and C. P. Kirschke

experiment, cells expressing the wt or mutant
(L148A,L149A) ZIP1-Myc protein were incubated with
Myc antibodies at 37 °C for 1 h to allow ZIP1-Myc/
Myc antibody complexes to be internalized. Both sur-
face bound Myc antibodies and those that had been
internalized, which were revealed by extensive washes
with an acid buffer to remove surface bound antibod-
ies, were detected with an Alexa 488-conjugated goat
anti-mouse secondary serum by immunofluorescence
microscopy analyses. To ensure that any decrease in
internalization was not simply caused by the decreased
endocytic efficiency due to the overexpression of the
ZIP1-Myc proteins in CHO cells, the internalization of
TfR was also examined in the cells expressing the wt or
mutant ZIP1-Myc protein by immunofluorescence
microscopy analyses. As shown in Fig. 5, wt ZIP1-Myc
bound Myc antibodies were internalized efficiently
(Fig. 5B), comparable to that of TfR bound antibodies
(Fig. 5D). However, no significant amount of the inter-
nalized mutant ZIP1-Myc protein bound Myc anti-
bodies were detected in CHO cells (Fig. 5F). In
contrast, most TfR bound antibodies on the surface of
these cells were internalized after 1 h of incubation
(Fig. 5SH), indicating that the endocytic machinery in
these mutant ZIPI1-Myc expressing cells was intact.
Taken together, these results suggest that the reduction
in the internalization of the mutant ZIP1-Myc protein
from the cell surface resulted from the mutations in the
di-leucine trafficking signal, ETRALL 44149, of ZIP1.

Internalization of ZIP1 from the cell surface is
important for the degradation of ZIP1-Myc

The di-leucine signals with [DE]XXXL[LI] consensus
sequences mediates rapid internalization of plasma
proteins and delivers them to the endosomal-lysosomal
compartment where proteins are subjected to degrada-
tion [39-43]. To determine whether or not substitutions
of the di-alanine residues for the di-leucine residues
(LL}45,140) have an effect on degradation of ZIP1, we
compared the total protein expression levels of the
wt ZIP1-Myc protein with that of the mutant
(L148A,L149A) ZIP1-Myc protein in a total of six
independent CHO cell lines expressing either the wt
ZIP1-Myc  (three cell lines) or the mutant
(L148A,L149A) ZIP1-Myc protein (three cell lines) by
western blot analyses. As shown in Fig. 6A,B, the total
expression of the mutant ZIP1-Myc protein in CHO
cells was 3.6-fold higher than that of the wt ZIP1-Myc
protein. Given that the LLjsg;49/AA mutations
increased the cell surface expression of the mutant
ZIP1 protein by approximately 2.3-fold (Fig. 4B),
additional accumulation of the mutant ZIP1 protein
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ZIP1-Myc L148A,L149A

1 x PBS washed Acid washed

Fig. 5. Internalization of the wild-type or mutant (L148A,L149A) ZIP1-Myc protein in the stably transfected CHO cells. Cells were cultured in
slide chambers for 24 h and then incubated with either a mouse Myc (20 ug-mL™") or a mouse TfR (5 pg-mL~") antibody for 1 h. Surface
bound Myc or TfR antibodies were removed by washing with ice-cold acidic buffer (B,D,F,H) [24]. The control cells were washed with
ice-cold 1 x NaCl/Pi (A,C,E,G). Cells were then fixed and permeabilized. The internalized Myc or TfR antibodies were detected by an
Alexa 488-conjugated goat secondary antibody (1 : 250 dilution). Scale bars = 10 um.

inside the CHO cells suggests that the ETRALL 44_149
sorting signal of ZIP1 may also play a role in signaling
of the protein for degradation.

To confirm the involvement of the lysosome in deg-
radation of ZIP1-Myc, we determined the effects of
cycloheximide, an inhibitor of protein biosynthesis in
eukaryotic cells, and chloroquine, a lysosomal degra-
dation inhibitor [43], on the accumulation of the wt
and mutant ZIP-Myc proteins in the stably transfected
CHO cells. As shown in Fig. 6C,D, incubation of cells
with cycloheximide decreased the total expression lev-
els of either the wt or mutant ZIP1-Myc proteins in
the cells. However, treatment of cells with cyclohexi-
mide did not change the expression ratio between the
wt and mutant ZIP1-Myc proteins. In contrast, in the
presence of chloroquine, the total ZIP1-Myc accumula-
tion in the CHO cells expressing the wt ZIP1-Myc pro-
tein was increased to the level that was detected in the
cells expressing the mutant ZIP1-Myc protein, indica-
ting that the wt ZIP1-Myc protein was preferentially
degraded by the lysosomal pathway and the di-leucine
signal was required for this process.

Expression of chimeric proteins

To confirm that the loop region sequence of ZIPI
is sufficient and independent as the endocytic sorting

signal, we generated two constructs in which the wt
and mutant ZIP1 (L148A,L149A) loop region
sequences (amino acids 133-177) (Fig. 1B) were fused
to the C-termini of the ectoplasmic and transmem-
brane domains of interleukin-2 receptor-o (Fig. 7A)
and expressed as IL2R/ZIP1_C1 and IL2RA/ZIP1_C5
chimeric proteins, respectively, in CHO cells. The sub-
cellular localization of IL2RA/ZIP1_C1 and IL2R/
ZIP1_C5 was detected by a IL2RA antibody followed
by an Alexa 488-conjugated goat secondary antibody.
As shown in Fig. 7B, the IL2RA-ZIP1 chimera with
the wt ZIP1 loop region sequence (IL2RA/
ZIP1_C1) was detected predominantly in the perinu-
clear region of the cell (Fig. 7C) with limited amount
on the cell surface (Fig. 7D) whereas the IL2RA pro-
tein alone was found largely on the cell surface
(Fig. 7A,B). In contrast, the subcellular localization of
the IL2RA-ZIP1 chimera with the mutant ZIP1 loop
region sequence (IL2RA/ZIP1_C5) was found predom-
inantly on the plasma membrane (Fig. 7E,F). Further-
more, deletions of the amino acids adjacent to the
di-leucine signal (IL2RA/ZIP1_C2, IL2RA/ZIP1_C3,
and IL2RA/ZIP1_C4) (Fig. 7A) did not affect the
efficiency of the internalization of the IL2RA/ZIP1
chimeric proteins (Fig. 7G-I).

The cellular localization of IL2RA/ZIP1_Cl
and IL2RA/ZIP1_CS5 chimera is similar to the wt
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Fig. 6. Effect of mutations (L148A,L149A) in ZIP1 on the total protein expression and protein degradation in CHO cells. (A) Western blot ana-
lysis of total ZIP1-Myc protein accumulation in CHO cells. Stably transfected CHO cells expressing the vector control, wt, or mutant ZIP1-
Myc protein were harvested and lysed. Proteins (50 pg) were separated by SDS/PAGE and transferred to a nitrocellulose membrane. The
blot was probed with a Myc antibody (2 pg-mL™") followed by a peroxidase-conjugated goat secondary antibody (1 : 2500 dilution). The same
blot was sequentially probed with a GRP78 antibody (4 ng'mL™") followed by a peroxidase-conjugated goat secondary antibody (1 : 10 000
dilution) for the loading control. (B) Quantification of the expression levels of the wt and mutant ZIP1-Myc proteins. Western blot analysis
(A) was performed with the cell lysate isolated from six individual stably transfected CHO cell lines either expressing the wt (three cell lines)
or mutant (three cell lines) ZIP1-Myc protein. The wt ZIP-Myc, mutant ZIP1-Myc, and GRP78 protein bands from these western blots (a rep-
resentative western blot is shown in A) were quantified by an Alpha Innotech Gel Documentation System. The expression of either the wt
or mutant ZIP1-Myc protein was normalized by the expression of GRP78. Values are the means + SE, n = 3. (C) Effects of cycloheximide
and chloroquine on the accumulation of the wt or mutant ZIP1-Myc protein in CHO cells. Cells were treated with either cycloheximide
(10 pg'mL™") or chloroquine (0.2 mm) at 37 °C for 3 h before harvest. Protein lysate (50 pg) was separated by SDS/PAGE and transferred to
a nitrocellulose membrane. The western blot analyses were performed as described in (A). (D) Quantification of the expression levels of the
wt or mutant ZIP1-Myc protein in either cycloheximide- or chloroquine-treated CHO cells. The densitometric analysis of the protein bands on
the western blots (a representative western blot shown is in C) was performed as described in (B).

ZIP1-Myc and mutant (L148A,L149A) ZIP1-Myc pro-
teins in CHO cells, respectively (Fig. 3A,C), suggesting
that the IL2ZRA/ZIP1_C1 fusion protein was internal-
ized efficiently from the plasma membrane into the
cytoplasmic compartment by the di-leucine signal of
ZIP1 and substitutions of the di-alanine residues
for the di-leucine residues in the ZIPI sorting signal
inhibited the internalization of the chimeric protein.

Discussion

It has been demonstrated that the extent of intracellu-
lar trafficking of ZIP through exocytosis and endo-
cytosis is cell dependent [10,24,35]. Intracellular zinc
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deficiency reduces the endocytic arm. This facilitates
uptake of zinc and restores normal cellular zinc homeo-
stasis. On the other hand, when cellular zinc levels
are elevated, the rate of endocytosis of ZIPIl is
increased to reduce zinc influx. Previous studies have
demonstrated that ZIP1 is constitutively endocytosed
from the cell surface and travels to the intracellular
compartments in the zinc-adequate condition [24]. In
the present study, four potential protein trafficking sig-
nals in ZIP1 were revealed by searching the eukaryotic
linear motif resource for functional sites in proteins.
We demonstrate that a di-leucine sorting signal, ETR-
ALLj44_149, located in the variable loop region of
ZIP1, which has the consensus sequences of a leucine
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IL2RA |

IL2RA/ZIP1_C1 |

IL2RA/ZIP1_C2 |

IL2RA/ZIP1_C3 |

IL2RA/ZIP1_C4 |

Fig. 7. Cellular localization of IL2RA and
IL2RA-ZIP1 chimera. (A) Schematic repre-
sentation of the IL2RA ectoplasmic and
transmembrane domains and IL2RA/ZIP1
chimera. Forty-five amino acids of the loop
region of ZIP1 were fused to the C-terminal
end of the transmembrane domain of IL2RA
(IL2RA/ZIP1_C1). Deletions of the loop
region sequences of ZIP1 are shown by
horizontal arrows. The critical di-leucine resi-
dues in the ETRALL44-149 Sorting signal are
shown and amino acids converted to ala-
nines are indicated as AA. The numbers of
the amino acids derived from the loop
region of ZIP1 fused to IL2RA are listed on
the right. (B) Immunofluorescence analysis.
Stably transfected CHO cells were grown in
slide chambers for 48 h. Cells were
washed, fixed, and permeabilized before
immunofluorescent staining (A,C,E,G,H,I).
Cells in (B), (D), and (F) were fixed but not
permeabilized for cell surface protein stain-
ing. The IL2RA and IL2RA/ZIP1 fusion pro-
teins were detected by a mouse IL2RA
antibody (1.7 pg'mL™") followed by an

Alexa 488-conjugated goat secondary anti-
body (1 : 500 dilution). Scale bars = 10 pm.

w

Non-permeabilized Permeabilized

Permeabilized

doublet and an acidic residue at position —4 relative to
the first leucine of the leucine doublet, facilitates the
endocytosis of ZIP1 and protein degradation. Targeted
mutations of the di-leucine residues in this signal led
to in an increase in ZIP1 expression on the cell surface.
Meanwhile, the mutations of the di-leucine residues
resulted in a higher accumulation of ZIP1 within the
cell due to the reduction in the lysosomal degradation
of ZIP1. The discovery of a trafficking signal in a
highly variable region of ZIPI suggests that members
of the ZIP family may utilize different trafficking sig-
nals within the proteins for intracellular organelle tar-
geting. Nevertheless, a similar sequence (ESPELL) is
found in the corresponding loop region of ZIP4 among
the 14 ZIP proteins, suggesting that ZIP4 may undergo
a similar trafficking pathway as ZIP1. Moreover, both
di-leucine signals in ZIP1 and ZIP4 have another
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No. of amino

IL2RA/ZIP1_C5 |

acids of ZIP1

ectoplasmic domain [T™] 0
ITL145,149

ectoplasmic domain [TM] ziP1 ] 45
LL148,149

ectoplasmic domain [Tm] zIP1 | 34
ITL145,149

ectoplasmic domain [TmM]zIP1 23
LL148,149

ectoplasmic domain [tmp{ zip1 | 39
/|\A14s,149

ectoplasmic domain [TM] ziP1 ] 45

IL2RA/ZIP1_C2

E

IL2RA/ZIP1_C1 IL2RA/ZIP1_C5

IL2RA/ZIP1_C1 IL2RA/ZIP1_C5

IL2RA/ZIP1_C3 IL2RA/ZIP1_C4

acidic residue further amino-terminal to the EXXXLL
motif that adds to the strength of the signal for adap-
tor protein targeting [27].

In cultured CHO cells, the steady-state distribution
of ZIP1 favors the Golgi localization (Figs 2 and 3).
Disruption of the di-leucine signal (LLj4g5;49) had a
detrimental effect on the endocytosis of ZIP1 but not
on the intracellular trafficking of ZIP1 from the Golgi
location to the cell surface, indicating that the signal
for the plasma membrane targeting of ZIP1 is distin-
guished from the signal for plasma membrane retrieval
and protein degradation. The signal(s) mediating the
ZIP1 exocytotic arm of trafficking remains to be
mapped.

The [DE]XXXL[LI] signals in mammalian proteins
mediate rapid internalization and targeting to endo-
somal-lysosomal compartments. The location of a
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functional di-leucine signal in the histidine-rich loop
region of ZIPl may bear physiological significance
because the histidine residues in this region have been
long suspected to be bound to zinc and play a role in
zinc transport. Given that the sequence (HX), is only
eight amino acids downstream of the di-leucine signal
(LL4s,140) and this di-leucine signal is required for the
endocytosis of ZIP1, we hypothesize that the (HX), in
the variable loop region of ZIP1 may function as a
sensor for cellular zinc concentrations. The interaction
of the adaptor complex bound to the di-leucine signal
with zinc bound histidine residues in (HX), may be
important for regulating the endocytosis rate of ZIP1
and subsequently targeting it to the lysosomal com-
partment for degradation under the zinc-replete condi-
tion.

It appears that signal-based regulation of metal
transporters is a universal regulatory mechanism for
early responses for the change in cellular metal con-
centrations. In yeast, the high affinity zinc uptake pro-
tein (ZRT1) was rapidly internalized and degraded
through an ubiquitin conjugation signal located in the
variable loop region of ZRT1 when cells were exposed
to high zinc concentrations [26,44]. In mammalian
cells, studies have shown that the cellular localization
of zinc uptake proteins, including ZIP1, ZIP3, ZIP4,
and ZIPS, are regulated in response to the fluctuation
of cytoplasmic zinc concentrations [14,24,33]. How-
ever, the signal(s) in these proteins that mediate the
plasma membrane targeting and retrieval has not been
revealed. Identification of a di-leucine signal within
ZIP1 that mediated the protein internalization and
degradation in the present study highlights a molecu-
lar basis for zinc-induced regulations of zinc transpor-
ter expression on the cell surface. A similar motif was
previously identified in a copper transporter, ATP7A
[45-48]. The di-leucine signal (LL;47_148) proximal to
the C-terminal tail of ATP7A mediates the recycling
ATP7A from the plasma membrane to the trans Golgi
network (TGN) in nonpolarized cells in the steady-
state condition. However, the same signal in ATP7A
is also responsible for targeting ATP7A from the
TGN to the basal-lateral membrane of polarized cells
to facilitate efflux of copper from the cell in a copper
elevated condition.

We have previously reported that the protein expres-
sion level of ZIP1 in human prostate epithelial cells
were down-regulated by zinc [36]. This zinc-induced
down-regulation of ZIP1 expression was not associated
with the transcriptional activity of the ZIPI gene [36].
Di-leucine signal-mediated lysosomal targeting and
subsequent protein degradation after internalization of
the protein have been observed in plasma membrane
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proteins, including epidermal growth factor receptor
[49], B-site APP cleaving enzyme [50], and CD3 gamma
[51,52]. Our observations that disruption of a func-
tional di-leucine signal in ZIP1 inhibited the endocyto-
sis of ZIPI1, resulting in an accumulation of ZIP1 on
the cell surface as well as inside the cell (present
study), imply that a significant population of ZIPI
travels through the plasma membrane en route to lyso-
somes for protein degradation when cellular zinc is
elevated.

In summary, we have identified a di-leucine protein
trafficking signal in the variable loop region of ZIPI.
Substitution of alanines for the leucine doublets in this
di-leucine signal inhibited the internalization of ZIPI
in CHO cells. Disruption of this endocytic signal also
led to an accumulation of ZIP1 within CHO cells.

Experimental procedures

Plasmid construction

The coding sequences of human ZIP1 (BI820953) were
inserted into the pcDNA3.1/Myc-His vector (Invitrogen,
Carlsbad, CA, USA). The DNA fragment in which the
Myc epitope was fused in frame to the C-terminal end
of ZIP1 was isolated from the resulting plasmid and
cloned into the pcDNAS5S/FRT vector (Invitrogen) to
create the plasmid ZIP1-Myc. Mutant constructs,
ZIP1-Myc(L9A,L10A), ZIP1-Myc(L148A,L149A), ZIP1-
Myc(V182A,L183A), and ZIP1-Myc(Y285A), were gener-
ated by QuikChange® II XL site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA).

The cDNA fragment of IL2RA (amino acids 1-262)
was obtained by PCR amplification of an EST clone
(BG536515). The DNA fragments containing the loop
region sequence of ZIPl (amino acids 133-177) with or
without LL/AA mutations were obtained by PCR ampli-
fication of the plasmid ZIP1-Myc or ZIP1-
Myc(L148A,L149A). Plasmids IL2RA/ZIP1_C1 and
IL2RA/ZIP1_CS5 were generated by ligating the DNA frag-
ments containing sequences encoding IL2RA and ZIPI
loop peptides (with or without the LL/AA mutations) into
the pcDNAS/FRT vector. Other plasmids IL2RA/
ZIP1_C2, IL2RA/ZIP1_C3, and IL2RA/ZIP1_C4, contain-
ing sequences encoding amino acids 133-166, 133-155, and
139-177 of ZIP1, respectively, were also constructed
(Fig. 7A). All constructs generated for the present study
were confirmed by DNA sequencing.

Cell culture and generation of stable cell lines

CHO/FRT cells were maintained according to the manu-
facture instructions (Invitrogen). The expressing and con-
trol cell lines were generated by transfecting plasmids into
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CHO/FRT cells along with pOG44 (Flp recombinase)
using a lipofect AMINE plus kit (Invitrogen). The stable cell
lines were selected and maintained in the culture media
containing 0.5-0.6 mg'mL™" of hygromycin B.

Antibodies

Mouse Myc, TfR, GM130, GRP78, IL2RA, and rat Myc
antibodies were purchased from Stressgen (Ann Arbor, MI,
USA), Zymed Laboratories (South San Francisco, CA,
USA), BD Biosciences (San Diego, CA, USA), Upstate
(Lake Placid, NY, USA), and Serotec (Oxford, UK),
respectively. Alexa 488- and 594-conjugated goat anti-
mouse or anti-rat sera were purchased from Molecular
Probes (Carlsbad, CA, USA). Peroxidase-conjugated goat
anti-mouse serum was purchased from Pierce (Rockford,
IL, USA).

Immunofluorescence microscopy

CHO cells expressing either the wt or mutant ZIP1-Myc
protein were cultured in slide chambers for 48 h and fixed
first with 3% paraformaldehyde in PEM buffer (0.1 M
Pipes, pH 6.5; 1.0 mm MgCl,; 1.0 mMm EGTA) for 2.5 min
at room temperature (RT) and then with 3% paraformalde-
hyde in borate buffer (0.1 M sodium borate, pH 11; 1.0 mm
MgCl,) for 5 min at RT. Cells were permeabilized with
0.5% Triton X-100 in 1 x NaCl/Pi, pH 7.4 for 15 min and
blocked with 3% BSA for 30 min. The wt or mutant ZIP1-
Myc proteins were detected using a Myc antibody (1 : 500
dilution, 1 h at RT) followed by an Alexa 488-conjugated
goat secondary antibody (1 : 500 dilution, 1 h at RT). In
the costaining assays, the wt ZIP1-Myc protein was detec-
ted by a rat Myc antibody (1 : 100 dilution, 1 h at RT) fol-
lowed by an Alexa 488-conjugated goat secondary antibody
(1: 250 dilution, 1 h at RT). GM130 and TfR were detec-
ted by a mouse GM130 (1 : 750 dilution) and a mouse TfR
(1 : 250 dilution) antibody, respectively, at RT for 1 h fol-
lowed by an Alexa 594-conjugated goat secondary antibody
(1:500 dilution, 1 h at RT). For detection of the ZIPI-
Myc proteins on the cell surface, the permeabilization step
was omitted.

In the study of endocytosis, cells were preincubated with
Myc or TfR antibodies in media without fetal bovine serum
at 37 °C for 1 h. Cells were then washed, fixed, and perme-
abilized [24]. Internalized Myc or TfR antibodies were
detected by an Alexa 488-conjugated goat secondary anti-
body.

Cellular localization of IL2RA alone or IL2RA/ZIP1
fusion proteins in CHO cells was detected by immunofluo-
rescence microscopic analyses. For the detection of IL2RA
or IL2RA/ZIP1 fusion proteins on the cell surface, the per-
meabilization step was omitted. Cells were stained with a
mouse IL2RA antibody followed by an Alexa 488-conju-
gated goat secondary antibody.

A di-leucine signal mediates endocytosis of ZIP1

Western blot analysis

For analysis of the total wt and mutant ZIP1-Myc proteins
expressed in CHO cells, CHO cells expressing wt ZIP1-
Myc, mutant (L148A,L149A) ZIP1-Myc, or vector control
were cultured in six-well plates at 37 °C for 48 h. Cell lysate
was prepared and western blot analysis was performed as
previous described [6]. The ZIP1-Myc (wt or mutant) and
GRP78 proteins were detected by a mouse Myc and a
mouse GRP78 antibody, respectively, followed by a peroxi-
dase-conjugated goat secondary antibody. For analysis of
wt or mutant ZIP1-Myc on the cell surface, CHO cells
expressing wt or mutant (L148A,L149A) ZIP1-Myc were
cultured in six-well plates at 37 °C for 24 h. Cells were fixed
with ice-cold 4% paraformaldehyde. Nonspecific binding
was blocked by incubation of cells with 3% BSA. Cells
were then incubated with Myc antibodies at RT for 1 h
and washed with 1 x NaCl/Pi, pH 7.4, to remove unbound
antibodies. Cell were harvested, lysed, and western blot was
performed [6]. Surface bound Myc antibodies were detected
by peroxidase-conjugated goat secondary antibody. The
GRP78 protein on the same blot was detected by GRP78
antibody followed by a peroxidase-conjugated goat second-
ary antibody. To examine the effects of cycloheximide
and chloroquine on the expression of ZIP1-Myc in CHO
cells, CHO cells expressing wt ZIP1-Myc or mutant
(L148A,L149A) ZIP1-Myc were cultured in six-well plates
for 24 h. The cells were then incubated for 3 h at 37 °C in
the presence of either cycloheximide (10 pg'mL™") or chlo-
roquine (0.2 mM). After incubation, the cells were washed
three times with cold 1 x NaCl/Pi, pH 7.4. Cells were har-
vested, lysed, and western blot analyses were performed as
described above. The densities of protein bands on the blots
were measured by FluorChem™ 8000 Advanced Fluores-
cence, Chemiluminescence and Visible Light Imaging pro-
gram (Alpha Innotech, San Leandro, CA, USA). The
expression of either the wt or mutant ZIP1-Myc protein
was then normalized by the expression of GRP78.
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